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Abstract. Searches for New Particles including future sensitivity prospects are reviewed. The main focus is 
placed on results obtained at LEP, HERA and the Tevatron on generic searches such as searches for excited 
fermions, searches for leptoquarks and high-pr leptons. Also interpretations in the context of anomalous 
single top production via flavour-changing neutral current, large extra space dimensions, supersymmetry, 
and various searches for Higgs bosons are discussed. 

PACS. 12.60.-i Models beyond the standard model - 13.85.Rm Limits on production of particles 



1 Introduction 

In this review searches for new particles are summarized. 
The main focus is placed on results from current data as 
well as future expected sensitivities, where relevant, from 
LEP, HERA and the Tevatron. This review covers direct 
searches for particles in and beyond the Standard Model, 
while indirect constraints on physics beyond the Stan- 
dard Model from precision electroweak data are mostly 
described in [1]. Future prospects on searches for new par- 
ticles at the LHC and/or a linear collider (LC) are sum- 
marized in more detail in [2]. 

Selected topics and recent results are being reviewed. 
Firstly two examples of generic searches, motivated by 
the observed structure in the fermion sector are discussed, 
namely the search for excited fermions and the search for 
leptoquarks, followed by searches for anomalous single- 
top production, large extra space dimensions, searches for 
supersymmetry and various searches for Higgs bosons 1 . 



2 Excited Fermions 

Charged (e*,/i*,r*) and neutral (z/*, z/*, z/*) excited lep- 
tons are predicted by composite models where leptons 
and quarks have substructure [3]. These models address 
fundamental questions left open by the Standard Model, 
such as the number of three observed fermion families, 
the hierarchy in the fermion mass values, and the sim- 
ilarity in the electric charge and weak properties of the 
fermions. A consequence of the possible fermion compos- 
iteness or substructure would be the existence of excited 
fermion states with masses of the exited state in the order 



of 100 GeV, which are expected to be accessible to vari- 
ous experiments. The most commonly use phenomenolog- 
ical model [3] is based on the assumption that the excited 
fermions have spin and isospin | and both left-handed, F£, 
and right-handed components, F^, are in a weak isodou- 
blets. The Lagrangian describes the transitions between 
known fermions, Fl, and excited states: 



Qf^dpWv + sf f\d»B v + (1) 



9s f s -rr^^G a v 



h.c. 
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1 Unless explicitly specified all exclusions limits are quoted 
at 95% CL. 



where A is the compositeness scale; W„, B v and are the 
SU(2), U(l) and SU(3) fields; r, Y and A a are the corre- 
sponding gauge-group generators; and g, g' and g s are the 
coupling constants. The free parameters /, /' and f s are 
weight factors associated with the three gauge groups and 
depend on the specific dynamics describing the compos- 
iteness. For an excited fermion to be observable, A must 
be finite and at least one of /, /' and f s must be non-zero. 
By assuming relations between /, /' and f 3 , the branching 
ratios of the excited-fermion decays can be fixed, and the 
cross section depends only on f/A and on the mass of the 
excited fermion, rrif*. 

For the example of excited electrons, the conventional 
relation / = f is adopted. Searches for excited electrons 
have been carried out at HERA in single e* production 
with subsequent decays to e, v and 7, Z, W and at LEP 
in pair-production, single production, and indirect via t- 
channel e*-exchange, i.e. multi-photon events [4]. At low 
e*-masses up to the kinematic pair-production limit at 
LEP close to 100 GeV excited electrons can be ruled out 
for all values of f/A (Figure 1), while in single e* pro- 
duction searches masses up to yfs can be excluded for the 
coupling f/A down to about 10~ 4 GeV -1 . Above 300 GeV 
the best direct exclusion limits have been achieved by the 
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Fig. 1. Upper limits on the coupling ///L as a function of the 
excited lepton mass for HERA and LEP experiments together 
with the expected sensitivity for HERA-II, Tevatron-II and the 
LHC. 

HERA experiments while at masses beyond 250 GeV the 
search for t-channel e* exchange in multi-photon events 
provides strong indirect limits on f/A to be below ~ 
5 x 10 -3 GeV -1 . Preliminary studies show that HERA- 
II with 1 fb -1 will improve the HERA sensitivity by a 
factor 3-4, the Tevatron with 2 fb -1 is expected to have 
sensitivity down to 2 x 10 -3 GeV -1 and the LHC with 
100 fb -1 even down to 7 x 10~ 4 GeV -1 in f/A, also at 
high e* masses [5]. Similar to their e* results, the LEP 
and HERA experiments have also obtained search results 
for /i* , r* and for v* . In the context of contact term pro- 
duction CDF has performed a search for excited electrons 
with 72 pb _1 of Run-II data and excludes masses M e * up 
to 785 GeV for M e */A=l. 
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Fig. 2. Upper limits on the coupling / as a function of the ex- 
cited quark mass for the HI and CDF experiments for different 
choices of the relative strong coupling f s . 

The search for excited quark production with de-exci- 
tation via radiation of W, Z, 7, gluons is most sensitive at 
the hadron colliders HERA and Tevatron [6]. For f = f 
HERA reaches, depending on the choice of f s , a sensitivity 
of down to / = 0.06 at low masses of q* , while studies of 



the dijet-mass spectra at the Tevatron provide higher sen- 
sitivity at large q* masses (Figure 2). For / = f = f s = 1 
and A = M q * D0 in Run-I and CDF in Run-II reach 
exclusions of up to 775 GeV and 760 GeV, respectively, 
while a mass exclusion sensitivity for 2 fb -1 data of up to 
940 GeV is expected. In the coming years further sensitiv- 
ity improvements are expected from the continuing data 
taking of the hadron collider experiments. Further details 
of searches for excited fermions can be found in [7]. 



3 Leptoquarks 

The known symmetry between the lepton and quark sec- 
tors could possibly be an indication that they are fun- 
damentally connected through a new interaction. Models 
for such interactions predict the existence of Leptoquarks 
(LQs) which are colour-triplet scalar (S) or vector (V) 
bosons carrying lepton and baryon numbers, and a frac- 
tional electromagnetic charge, Q ern . Most collider searches 
are carried out in the context of effective models, in par- 
ticular in the Buchmuller, Riickl and Wyler (BRW) model 
[8] . This model describes leptoquark interactions in a most 
general effective Lagrangian under the assumption that 
leptoquarks have renormalizable interactions invariant un- 
der SM gauge groups, and that they couple only to gauge 
bosons and to ordinary fermions. Further assumptions are 
that leptoquarks conserve leptonic number and baryonic 
number separately (flavour-diagonal). These assumptions 
result in leptoquark decay branching ratios to electrons 
and quarks of 0, 50% or 100%. 

First-generation leptoquarks can be resonantly pro- 
duced at HERA by the fusion of an e beam particle with 
a q from the proton. This process interfers with t-channel 
electroweak-boson exchange. At the Tevatron leptoquarks 
can be pair-produced, independent of the leptoquark cou- 
pling A to electrons and quarks, with subsequent decays 
to charged lepton or neutrino and a quark. At LEP lep- 
toquarks can be virtually exchanged in the t-channel and 
result in di-jet final states. 




15D 175 200 225 250 275 300 325 350 375 400 
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Fig. 3. Constraints from HERA experiments, LEP and D0 in 
the framework of the BRW model for the example of a lepto- 
quark with fermion number F — 2. 
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Figure 3 shows the results from HERA, LEP and the 
Tevatron on leptoquark searches [9] , in particular choosing 
here a typical scalar with F = 2, namely the So,l f° r 
which f3 eq = Br(LQ -> eq) = 0.5. The Tevatron (Run-I) 
exclusion limit of 204 GeV is independent of A. For A <C 1, 
in the mass range beyond the Tevatron reach and below 
~ 300 GeV, HERA has the highest sensitivity down to 
A of a few xlO -2 which will be super seeded by HERA- 
II. For leptoquark masses larger than the HERA the 
virtual leptoquark exchange at HERA and LEP provides 
similar sens itivity to about the electromagnetic strength 
(A = \ // 4jra ~ 0.3). 



4 High p t -Leptons with Large Missing 
Transverse Momentum and Limits on 
Anomalous Top Couplings 

At the HERA experiments HI and ZEUS searches for 
events containing isolated high-p^ leptons and large miss- 
ing transverse momentum have been performed [10]. A 
previously reported excess of events in the electron and 
muon channel by HI and in the tau channel by ZEUS (Ta- 
ble 2, Figure 5) has been discussed in the context of poten- 
tial anomalous flavour- changing neutral current (FCNC) 
single-top production. 




Mj Invariant Mass \QeV] ||& [GeV] 

Fig. 4. Left: Invariant /xg-mass distribution for early D0 Run- 
II data in comparison to dominant background and LQ signal. 
Right: Expected LQ cross section and excluded cross section 
as a function of LQ mass. 



The Tevatron experiments CDF and D0 have already 
performed searches for scalar leptoquarks in the early Run- 
II data [9] . In addition to the already established searches 
for 1st generation leptoquarks, D0 has also searched for 
2nd generation leptoquarks. Figure 4 shows the resulting 
invariant fiq mass distribution with a hypothetical sig- 
nal of 160 GeV along with the expected signal cross sec- 
tion and the experimentally excluded cross section as a 
function of leptoquark masses. While the typical mass ex- 
clusions in the different channels range from 107 GeV to 
230 GeV (Table 1), they are expected to increase with 
2 frr 1 of data to 250 - 325 GeV in the future. Further 
details of the leptoquark searches can be found in [9]. 



Table 1. Preliminary Tevatron Run-II mass exclusions in the 
different channels for 1st and 2nd generation leptoquarks. 



experiment 


channel (lumi) 


M LQ > 


CDF 


eeqq (72 pb" 1 ) 


230 GeV 




vvqq (76 pb -1 ) 


107 GeV 


D0 


eeqq (41 pb -1 ) 


179 GeV 




fifiqq (41 pb -1 ) 


157 GeV 



Table 2. Observed and expected number of high-p* lep- 
ton events with large missing transverse momentum for HI 
(118.3 pb- 1 ) and for ZEUS (130.1 pb -1 ). 

HI e obs./exp. \i obs./exp. combined 

Vt > 25 GeV 4/1.49 ± 0.28 6/1.44 ± 0.26 10/2.93 ± 0.49 
Vt > 40 GeV 3/0.54 ± 0.11 3/0.55 ± 0.12 6/1.08 ± 0.22 

ZEUS r obs./exp. 

Vt > 25 GeV 2/2.90 ± 0.59 5/2.75 ± 0.21 2/0.12 ± 0.02 
Vt > 40 GeV 0/0.94 ± 0.11 0/0.95 ± 0.14 1/0.06 ± 0.01 



ZEUS 




P^CcV P?(GeV) 



Fig. 5. Distributions of the hadronic transverese momentum 
Vt combined in the electron and muon channel for HI (left) 
and in the tau channel for ZEUS (right). 

In the SM the neutral currents are flavour diagonal. 
Flavour-changing neutral currents (FCNC) are not con- 
tained at tree level and can happen only from higher-order 
loop contributions. Sizeable rates can arise only when the 
top quark appears in the loop. Therefore, no detectable 
rate is predicted in the SM for FCNC processes between 
the top and charm or up quarks. However, considerable en- 
hancements are expected, especially at large FCNC [11], 
in various new models such as models with two or more 
Higgs doublets, supersymmetric models with or without 
imparity conservation, or models with a composite top 
quark. The top quark phenomenology is less tightly con- 
strained than that of lighter quarks and can be tested at 
current colliders. In the absence of a specific predictive 
theory, a most general effective Lagrangian was proposed 
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to describe FCNC top interactions involving electroweak 
bosons. 

At HERA single-top production can proceed via 7 or 
Z t-channel exchange through anomalous FCNC couplings 
K tqi or v tq z, where q is a u- or a c-quark. The sensitivity 
to couplings for the ^-quarks is much higher than that for 
the c-quark because of the smallness of the c-quark den- 
sity in the proton, the sensitivity to k is higher than that 
to v due to the propagator suppression in the t-channel 
Z exchange. In comparison to previous analyses the sim- 
ulation of the Z-exchange process has now been improved 
allowing an increased sensitivity to FCNC couplings at 
large v tu z- 

The single-top production at HERA would yield a high- 
Pt W-boson accompanied by an energetic 6-quark jet. 
When the W decays leptonically the event topology will 
contain an energetic isolated lepton and large missing trans- 
verse momentum, as well as large hadronic transverse mo- 
mentum, i.e. the topology observed in excess of the SM 
expectation. For the hadronic decay of the W, the topol- 
ogy will be a three-jet event with a resonant structure in 
dijet and three-jet invariant masses. 

At LEP FCNC single-top quark production has been 
searched for in the e + e~ — > tc(u) — > bWc(u) process, 
where hadronic and leptonic decay modes of the W are 
considered [11,12]. The LEP experiments have roughly 
similar sensitivity to ft 7 and vz-> which increases with 
lower top quark mass. At the Tevatron, CDF has per- 
formed a search for FCNC in the top decays t — > jc(u) 
and t — > Zc(u) in pp collisions [11, 13]. The resulting limits 
on the top quark decay branching ratios have been con- 
verted into limits on the FCNC couplings n 1 and vz- 



ZEUS 




Fig. 6. Exclusion regions in the Ktuj — vt u z plane as achieved 
by the different experiments along with the expected sensitivity 
for future data taking at HERA and the Tevatron. 

Figure 6 shows the exclusion regions in the n tui — v tu z 
plane as achieved by the different experiments along with 
the expected sensitivity for future data taking at HERA 
and the Tevatron 2 . LEP has the highest sensitivity to v tu z 

2 Note that the Lagrangian used by LEP and by HERA ex- 
periments differ by a multiplicative factor such that — 



which is expected to become similar for the Tevatron after 
Run-IIA [14], whereas HERA-I has the highest sensitivity 
to Ktwy ? which will be improved even further with HERA- 
II [15]. The observed excess of events in particular by HI 
results in slightly weaker exclusion limits in K tui compared 
to ZEUS. The tau events by ZEUS are unlikely to be ex- 
plained by the hypothesis of single top quark production 
and are not included in this exclusion plot on FCNC cou- 
plings. 



5 Large Extra Space Dimensions 

The Standard Model of particle physics is an extraor- 
dinary scientific achievement, with nearly every predic- 
tion confirmed to a high degree of precision. Neverthe- 
less, the SM still has unresolved and unappealing char- 
acteristics, including the problem of a large hierarchy in 
the gauge forces, with gravity being a factor of 10 33 — 
10 38 weaker than the other three forces, raising the ques- 
tion why Mpi/rriEW ~ 10 15 is so large. Viable quantum- 
gravity scenarios have been constructed [17,18] in which 
the gravitational force is expected to become compara- 
ble to the gauge forces close to the EW scale, eventually 
leading to (model dependent) effects in the TeV range, 
observable at high energy colliders [19]: virtual graviton 
exchange and direct graviton emission. 

In the string-inspired Arkani-Hamed, Dimopoulos and 
Dvali (ADD) scenario [17] whith n > 2 (6 in string the- 
ories) "large" compactified extra dimensions, a gravita- 
tional "string" scale M s is introduced in (4 + n) which 
is related to the usual (effective four-dimensional) Planck 
scale via Mp L = R n M^ +n , where R is a characteristic 
(large) size of the n compactified extra dimensions. The 
gravitons are allowed to propagate in these extra dimen- 
sions of finite size R which implies that it will appear in 
our familiar 4-dimensional universe as a "tower" of mas- 
sive Kaluza-Klein (KK) excitation states. The exchange of 
KK towers between SM particles leads to an effective con- 
tact interactions with a coupling coefficient t]g = ^/Mf. 
The SM fields are localized to the 4-dimensional space- 
time. For r <C R the gravitational potential results from 
Gauss's law in (n + 4) dimensions while for r ^> R it takes 
the conventional form V ~ 1/r. Typical compactification 
radii are: 

n — 1 R rsj 10 13 cm empirically excluded 

n — 2 R f^> 100 /im — 1 mm under investigation 
n — 3 R 3 nm 



In the Randall- Sundrum [18] (RS) model only one com- 
pact extra dimension is introduced. In a similar way to 
the ADD model, SM particles and forces are constrained 
to the 4-dimensional SM brane. Only gravity is allowed 

y/2KtJ^ us and v^ z p = V2vt u E z us ; also note that LEP and 
Tevatron are sensitive to u- as well as c-quark couplings with 
equal strength. 
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to propagate into the extra dimension. In this model the 
hierarchy is not generated by the extra volume, but by a 
specifically chosen geometry ('warped' geometry). As a di- 
rect consequence of the geometry, gravity is mainly located 
in a distance ro at a second brane, the Planck brane, and 
propagates exponentially damped into the extra dimen- 
sion. Thus, there is only a small overlap between gravity 
and SM particles and forces, explaining the weakness of 
gravity with respect to the electroweak interaction, or the 
observed mass hierarchy. 

Experiments in which deviations from Newton's gravi- 
tation law are investigated at short distances usually con- 
sider the combined potential energy V due to a modulus 
force and newton gravity to be written as: 



V 



Gp 1 (r 1 )p 2 (r 2 ) 
dr\ I dr 2 — ^ — — - x 

[1 + a exp(-n 2 /A)] 



(2) 



with G the gravitational constant, 7*12 the distance be- 
tween two points ri and r 2 in the test masses, and pi, p2 
the mass densities of the two bodies, a is the strength of 
the new Yukawa force relative to gravity, and A the range. 
The present limits on the Yukawa strength a as a func- 
tion of the range A, as obtained from sophisticated short 
distance gravity experiments [20], is shown in Figure 7. 
For n = 2 large extra space dimensions new forces with 
ranges below ~ 200 /xm are excluded. 
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Fig. 7. Current limits on new gravitational strength forces 
between 1 /xm and 10 cm. Shown are the achieved (blue) as 
well as the in the future expected (red) limits on the Yukawa 
strength a as a function of the range A. 



5.1 Indirect Effects - Virtual Graviton Exchange 

Searches for virtual graviton exchange in theories with 
large extra dimensions have been performed at HERA, 
LEP and the Tevatron. At HERA virtual graviton ex- 
change modifies the Q 2 distribution of neutral current 
events in a characteristic way. Figure 8 shows the ratio of 
high-Q 2 NC DIS events from HI to the SM, together with 
the effect of Kaluza-Klein graviton exchange for the just 



excluded fundamental scale M s . The coupling A, which 
depends on the full theory and is expected to be of order 
unity, has been fixed by convention to A = ±1. Combin- 
ing both A = — 1 and A = +1 typical limits from HI and 
ZEUS are M s > 0.8 TeV. 
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Fig. 8. Constraints for models with large extra dimensions 
from Q 2 distribution of NC-DIS events at HERA, here HI. 



Indirect effects from virtual graviton exchange in large 
extra dimensions at LEP are searched for in boson (7, Z) 
and fermion pair production, taking the modified mass 
and angular distribution of the final state particles into 
account. Typical limits obtained for the combination of 
the LEP data are M s > 1.26 TeV for A = +1 and M s > 
0.96 TeV for A = -1. 

At the Tevatron virtual graviton exchange, expected 
to modify the invariant mass and angular distributions of 
the final state particles, is searched for in boson (7, Z) and 
fermion (e,/i) pair production (Figure 9). Typical limits 
obtained by CDF or D0 are M s > 0.79 - 1.28 TeV, de- 
pending of the channel and data set (Run-I or Run-II). 
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Fig. 9. Comparison of invariant fifi mass distribution between 
data (30 pb _1 D0 data; points) and background (histograms) 
together with the modifications expected in the presence of 
large extra space dimensions at high m w . 



5.2 Direct Effects - Real Graviton Emission 

Searches for direct effects of large extra dimensions, namely 
the real graviton emission, have been performed at LEP 
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and the Tevatron. Real gravitons can be emitted in asso- 
ciation with photons or gluons, resulting in large missing 
transverse momentum and a single photon or gluon, i.e. a 
monojet. 
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Fig. 10. Missing mass (or recoil mass) distribution of all sin- 
gle photon events in DELPHI. The light shaded area is the 
expected distribution from e + e~ — > ^z>7, the dark shaded area 
is the total background from other sources. The expected signal 
e + e~ — > jG production is indicated. 
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Fig. 11. DELPHI limit and expected cross section for e + e" 
for 2, 4, and 6 extra dimensions. 



Figure 10 shows the missing mass (or recoil mass) dis- 
tribution of all single photon events in DELPHI (from data 
recorded at \fs = 181 — 209 GeV). The light shaded area is 



the expected distribution from 



vvj and the dark 



shaded area is the total background from other sources. 
The expected signal e+e~ -> -yG(n = 2, Mjj — 0.75 TeV) 
production is indicated. This high statistics measurement 
and the well controlled SM background allow to set cross 
section limits on the 7G production as a function of the 
fundamental scale Mjj. Figure 11 shows the result for 
the DELPHI experiment for n = 2,4 and 6 large ex- 
tra dimensions along with the expected cross section. For 
n = 2 extra dimensions Mjj > 1.36 TeV which corre- 
sponds to R < 260 jam and for n = 4 extra dimensions 
M D > 0.84 TeV which corresponds to R < 13 pm. So 
the collider experiments reach or already supersede the 
sensitivity of the short distance gravity experiments. 



At the Tevatron direct graviton emission would mani- 
fest itself via the production of single jets e.g. from gluons 
(monojets) along with large missing transverse momen- 
tum. CDF and D0 have searched for such topologies in 
the Run-I as well as in the Run-II data. In the absence 
of a signal exclusion limits of about M^ =2 > 1 TeV have 
been set. Table 3 summarizes the searches for large extra 
dimensions at the Tevatron in the various search channels. 
With the continuing data taking of the Run-II further sig- 
nificant improvements in sensitivity are expected. 



Table 3. Summary of searches for large extra dimensions at 
the Tevatron along with resulting limits on fundamental scale 
in the ADD or RS model. 



experiment 




channel 


limit 


CDF-I 


(110 pb" 


-i\ 


di-EM (e,7) 


M s > 0.94 TeV 


CDF-I 


(87 pb" 


-i\ 


Mono- Jet 


M s n=2 > 1.0 TeV 


CDF-I 


(87 pb" 


-i\ 


Mono- Jet / 


M s n = 6 > 0.6 TeV 


CDF-II 


(75 pb" 


-i\ 


Di- e,/i, 7, Jet) 


k/M s limits in RS 


D0-I 


(127 pb" 


-i\ 


Di-EM (e,7) 


M s > 1.2 TeV 


D0-I 


(78.8 pb" 


-i\ 


Mono- Jet + $ T 


M s n = 2 > 1.0 TeV 


D0-I 


(78.8 pb" 


-i\ 


Mono- Jet + ft T 


M s n = 6 > 0.65 TeV 


D0-II 


(120 pb" 


-i\ 


Di-EM (e,7) 


Ms > 1.28 TeV 


D0-II 


(30 pb" 


-i\ 


Di-/i 


Ms > 0.79 TeV 



5.3 Search for Radions and Branons 

In the framework of the Randall- Sundrum model massless 
and massive spin-two excitations are predicted. The mass- 
less excitations couple with gravitational strength and can 
be identified with gravitons. The masses and couplings of 
the massive spin- two excitations are set by the weak scale. 
These states have not yet been observed and should, if 
existent in nature, become visible with the next genera- 
tion of colliders. The spinless excitations, called radions, 
correspond to a local fluctuation of the brane distance: 
^0 —> ^0 + Ar(x). A mechanism has been proposed to sta- 
bilize the brane distance, which is required to avoid the 
branes to drift apart faster than compatible with cosmo- 
logical models and observations. The radion acquires a 
mass due to this stabilization mechanism, which is a free 
parameter. The radion mass is expected to be well below 
1 TeV and most likely lighter than massive spin-two ex- 
citations. If the Randall- Sundrum model describes nature 
the radion is expected to be the first sign of it which can 
be observed. 

The radion carries the same quantum numbers as the 
Higgs boson, so that these two particles can mix. A first 
search for radions has been performed by OPAL [21], ex- 
ploiting that the radion as well as the SM Higgs boson are 
mainly produced in the Higgsstrahlung process e + e~ — > 
Zr or — > Zh. Limits on the Higgsstrahlung cross section 
obtained from searches for the SM Higgs boson, flavour- 
independent searches for hadronically decaying Higgs bo- 
sons and decay mode independent searches for Higgs bo- 
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sons are used to restrict the parameter space of the RS 
model. As shown in Figure 12 the data excludes masses 
for the Higgs-like state below 58 GeV for all scales Aw > 
246 GeV independent of the mixing between the radion 
and the Higgs boson, and the radion mass m r in the range 
1 MeV to 1 TeV. The analyses are sensitive to the radion 
only for scales Aw < 0.8 TeV. No universal limits on the 
mass of the radion-like state can be extracted as they de- 
pend on the mixing parameter £. 




Fig. 12. Left: Observed radion mass limit as a function of 
the mixing parameter £ and the fundamental scale Aw) Right: 
Lowest expected and observed limit on the Higgs boson mass 
as a function of the scale parameter Aw for all allowed £ and 
for masses of the radion-like state m r . 



In the context of the ADD model new particle fields, 
called 'branons' are expected and associated with brane 
fluctuations along the extra dimensions. The dynamics of 
these fields is determined via an effective theory with cou- 
plings of order of the brane tension scale, /. The search 
for Kaluza Klein gravitons and the search for branons are 
complementary. If the brane tension is below the grav- 
ity scale, / <C Ms, the first signal of extra dimensions 
will come from branons, allowing a measurement of /, 
the number of branons and their masses M. If / ^> M s , 
then the first evidence for extra dimensions will be the 
discovery of gravitons, giving information about the fun- 
damental scale of gravitation (M s ) and the characteristics 
of the extra- space (number of dimensions (D), size (Rb), 
topology etc.). 

Branons have a well defined effective theory with cou- 
plings to Standard Model particles. Since processes in- 
volving the production of only one branon are forbidden 
by Lorentz invar iance the lowest order branon interaction, 
which has been investigated by the L3 Collaboration [22], 
is e + e~ — > 7T7T7, resulting in a single-photon final state. 
Comparing the photon energy and angular distributions 
with the expectation of SM or branon production limits 
have been placed in the (/, M) plane (see Figure 13) at 
95% CL (R < 0.05) and at 99% CL (R < 0.01). Assum- 
ing a flexible brane (/ <C M) the single-7 analysis with 
L3 data imposes the restriction: / > 206 GeV, a simi- 
lar single- Z one: / > 47 GeV. Both limits are stronger 
than the most stringent astrophysical constraint from the 
energy loss observation in SN1987A; / > O(10) GeV. 
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L3 Limits on the Brane Tension 




Fig. 13. Two-dimensional limits in the (/, M) plane from the 
analysis of L3 single photon data. For very elastic branes, / — > 
0, the exclusion interval for the branon mass is M > 103 GeV. 

Further details on searches for large extra dimensions, 
radions and branons can be found in [23] and references 
therein. 



6 Searches for Supersymmetry 

Supersymmetric (SUSY) extensions of the Standard Mo- 
del, introducing a symmetry between fermions and bosons, 
are particularly attractive as they address various short- 
comings of the Standard Model such as quadratic diver- 
gences in the Higgs mass (cancel in SUSY), the fine tun- 
ing problem, the hierarchy problem, coupling unification 
at very large scales etc. As the supersymmetric partner 
particles of the known Standard Model particles are not 
observed, SUSY must be broken. Different models for the 
SUSY breaking mechanism have been considered, in par- 
ticular the minimal supersymmetric extension of the Stan- 
dard Model (MSSM), where the communication between 
the SUSY breaking sector and our world is either estab- 
lished via gauge bosons (gauge mediated SUSY breaking 
- GMSB with 6 parameters) or via gravity (gravity medi- 
ated SUSY breaking - mSUGRA with 5 parameters). Also 
R-parity violating SUSY models, where the SUSY parti- 
cles are not necessarily produced or decay in pairs, are 
considered. A very large number of topologies has been 
predicted and searched for in the context of SUSY in 
the recent years. Here only two examples are discussed: 
Searches for stop and sbottom production and limits on 
chargino and neutralino production. For further details, 
also on other SUSY searches, see [11,24,25]. 

The states qi and q~R are the partners of the left- 
handed and the right-handed quarks. They form squark 
mass eigenstates (qi and #2), which are orthogonal combi- 
nations of them. The mixing angle 0q is defined in such a 
way that q\ = qi cos(Oq)+qR sin((9q) is the lighter squark. 
Since the off-diagonal elements of the mass matrix are pro- 
portional to the mass of the corresponding SM partner, 
m q (A q — /ift), the mixing is expected to be relevant for 
the fermions of the third family. In that expression \i is 
the Higgs mass parameter, A q the trilinear coupling to the 
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Higgs sector and k = tan/3 for down- type, k = l/tan/3 
for up- type quarks. Therefore the sbottom quark could be 
light, if tan/3 is large. A light stop could be realized due 
to large mass splitting resulting from the large top mass. 
At hadron colliders stops or sbottoms would be produced 
via the strong interaction, at LEP electroweakly. The cou- 
pling of the stop and sbottom to the Z, and therefore the 
production cross-section, are maximal for Oq = and min- 
imal for Oq = 56° and 68°, respectively. 

The decay t — > tx° is expected to be dominant, but due 
to the large top mass and the limits on x° currently exper- 
imentally not accessible. The three-body decay t\ — > blv 
via chargino would become the dominant decay mode if 
kinematically allowed. Figure 14 shows the LEP and D0 
exclusions limits in the (m st0 p, vrty) plane. The LEP limits 
reach up to m stop « 95 GeV and close to the kinematic 
limit of m s top = vrty + m&, while the Tevatron reach of 
up to 140 GeV in m stop can only be achieved with 20-30 
GeV distance to the kinematic limit. The Tevatron exper- 
iments are expected to reach up to 200 GeV in sensitivity 
with the first 2 fb _1 of Run-II data. Similarly search lim- 
its of up to 160 GeV have been achieved by the Tevatron 
experiments for the loop suppressed flavour changing two 
body decay t\ — > cxi- Sbottom quarks b\ are expected 
to decay into bxi- The resulting exclusion limits in the 
(™>stop, m x) pl ane from LEP reaching close to 100 GeV in 
^sbottom, and CDF, reaching beyond 140 GeV, are shown 
in Figure 14. The expected sensitivity of the Tevatron ex- 
periments with the first 2 fb _1 reaches up to 220 GeV 
in m sbottom- Further sbottom quark searches from gluino 
pair production with subsequent decay b\ — > 6%? are being 
performed by CDF-II and described in [25]. 




Fig. 14. Left: Stop and sneutrino mass plane showing the re- 
gions excluded by LEP, D0 and the expected sensitivity for 
2 fb _1 at the Tevatron; right: Sbottom and neutralino mass 
plane showing the regions excluded by LEP, CDF and the ex- 
pected sensitivity for 2 fb _1 at the Tevatron. 



Searches for chargino pair production at LEP yielded 
mass exclusion limits of m ~+ > 103.5 GeV for > 

300 GeV which have been translated into mass limits on 
the neutralino as a function of tan/3, assuming SU(5) and 
SO(10) GUT-relations. In the constrained MSSM, where 
the neutralino is the lightest SUSY particle (LSP), an ab- 
solute mass limit of tulsp > 46 GeV is found [26]. If, 
however, these GUT relations are dropped, assuming for 
example unification via string theory, no bounds on the 



neutralino mass can be placed anymore by collider exper- 
iments. Assuming, however, the LSP to be the lightest 
neutralino, to be responsible for the observed cold dark 
matter relic density and from respecting the LEP2 limits 
on chargino, slepton and sneutrino masses [27], still a limit 
of ttilsp > 5 GeV is obtained. Dropping those assump- 
tions as well, only requiring a possible LSP to be consistent 
with the observed time dependence of the signal from the 
supernovae SN1987A, still a limit on the neutralino mass 
of m LS p > 100 MeV can be placed [28]. 

New collider results are expected soon from the di- and 
tri-lepton searches at the Tevatron Run-II. 

For the first time at a hadron collider, the CDF and 
D0 Collaborations have observed Z — > rr signals, where 
one r decays leptonically and the other r is identified in 
hadronic one- or three-prong decays. This progress in r- 
identification, using sophisticated experimental methods, 
represents a milestone in SUSY and Higgs searches as it 
opens a sensitivity window to many models and searches 
for particles coupling to the third fermion generation. 



7 Standard Model Higgs Boson Searches 

The Higgs mechanism [29] plays a central role in the uni- 
fication of the electromagnetic and weak interactions by 
providing mass to the W and Z intermediate vector bosons 
without violating local gauge invariance. Within the Stan- 
dard Model, the Higgs mechanism is invoked to break the 
electroweak symmetry; it requires one doublet of complex 
scalar fields which leads to the production of a single neu- 
tral scalar particle, the Higgs boson. The mass of this par- 
ticle is not specified, but indirect experimental limits are 
obtained from precision measurements of the electroweak 
parameters which depend logarithmically on the Higgs bo- 
son mass through radiative corrections. Currently these 
measurements predict the Standard Model Higgs boson 
mass to be rnn = 91^37 GeV and constrain its value to 
less than 219 GeV at the 95% confidence level [1,30]. 



7.1 SM Higgs Boson Searches at LEP 

The data collected by the four LEP collaborations prior to 
the year 2000 gave no direct indication of the production 
of the Standard Model Higgs boson and allowed a lower 
bound of 107.9 GeV to be set on the mass. During the 
last year of the LEP programme (the year 2000), substan- 
tial data samples were collected at centre-of-mass energies 
(y/s) exceeding 206 GeV, extending the search sensitiv- 
ity to Higgs boson masses of about 115 GeV through the 
Higgsstrahlung process e + e~ — > HZ. In their initial ana- 
lyses of the full data sets, ALEPH observed an excess of 
events consistent with the production of a Standard Model 
Higgs boson with a mass of 115 GeV; L3 and OPAL, 
while being consistent with the background hypothesis, 
slightly favoured the signal plus background hypothesis in 
this mass region; DELPHI reported a slight deficit with 
respect to the background expectation. 
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The final results from the four collaborations have by 
now been published. These are based on full data repro- 
cessing using final calibrations of the detectors and LEP 
beam energies, new and improved Monte Carlo genera- 
tors and increased Monte Carlo event statistics, in some 
cases, on revised analysis procedures. In total a data set of 
2461 pb- 1 at > 189 GeV (536 pb" 1 at > 206 GeV) 
has been analysed and combined by the LEP-Higgs work- 
ing group using the likelihood ratio technique [31]. 



Table 4. Final lower Higgs mass limits of the four LEP- 
experiments and their combination. 



experiment 


expected Mh > 


observed Mh > 


ALEPH 


113.5 GeV 


111.5 


GeV 


DELPHI 


113.3 GeV 


114.2 


GeV 


L3 


112.4 GeV 


112.0 


GeV 


OPAL 


112.7 GeV 


112.8 


GeV 



LEP 115.3 GeV 114.4 GeV 




Fig. 15. Left: The background confidence level 1 — CLb as 
a function of the test mass tuh- The full curve is the obser- 
vation; the dashed curve is the median expected background 
confidence and the dashed dotted line is the median expecta- 
tion for 1 — CLb, given the signal plus background hypothesis, 
when the signal masses on the abscissa is tested. Right: The 
ratio CL S = CL s +b/CLb for the signal plus background hy- 
pothesis, as a function of the test mass run- The solid line is 
the observation and the dashed line the median background 
expectation. The dark and light shaded bands around the me- 
dian expectation for the background hypothesis correspond to 
the 68% and 95% probability bands. 

In Figure 15 the final results are summarized. Com- 
bining the results from the four LEP experiments a lower 
bound of 114.4 GeV is set on the mass of the Standard 
Model Higgs boson. The mass limits from the single ex- 
periments and the combination are summarized in Ta- 
ble 4. At a mass of 115 GeV, where ALEPH reported 
an excess compatible with the production of a Standard 
Model Higgs boson, the confidence 1 — CLh of the com- 
bined LEP data expressing the level of consistency with 
the background hypothesis is 0.9 (~ 1.7<r), while the con- 
fidence level CL s +h measuring the consistency with the 
signal plus background hypothesis is 0.15. In the region 
vrtH ~ 98 GeV the observed value of 1 — CLh « 0.02 
translates into 2.3 standard deviations. This excess, how- 
ever, is clearly no sign of Higgs boson production since the 
number of events expected for such a signal would be a 
factor of ten larger than the one observed. 

The searches for the Standard Model Higgs boson car- 
ried out by the four LEP experiments extended the sensi- 
tive range well beyond that anticipated at the beginning 
of the LEP programme. This is due to the higher energy 
achieved and to more sophisticated detectors and analysis 
techniques. 

Figure 16 shows the development of the direct and 
the indirect mass bounds over the last years. While the 
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Fig. 16. Development of the upper higgs mass limit (dashed 
line) and the central value and uncertainty of the electroweak 
fit (hashed region) over the last years. The light shaded region 
shows the higgs masses which have been excluded by direct 
searches for the Higgs boson. 

upper mass limit (95% CL) decreased from 1000 GeV to 
about 200 GeV the best fit value oscillated between 60 and 
about 150 GeV with a strongly decreasing uncertainty of 
the electroweak fit. The Higgs boson mass limit from the 
direct searches at LEP has been steadily increasing from 
66 to 114.4 GeV/c 2 . The future searches for the Standard 
Model Higgs boson will concentrate at the low mass region 
around 110 — 140 GeV, where the Tevatron experiments 
have the sensitivity to discover or exclude the Higgs boson 
before the LHC turns on. 



7.2 SM Higgs Boson Searches at the Tevatron 

Already the preliminary results on the search for the Stan- 
dard Model Higgs boson at LEP suggested that the Higgs 
boson mass may not be very high, which inspired corre- 
sponding studies at the Tevatron for Run-IL 

The Higgs boson production mechanism with the lar- 
gest cross section, ~ 0.7 pb for a Higgs mass of 120 GeV, 
is the gluon fusion. Unfortunately the background in this 
mode is very large. The most promising Standard Model 
Higgs discovery channels at the Tevatron are the associ- 
ated production with W/Z, where the W/Z decay lep- 
tonically. The Higgs boson production cross section is ~ 
0.16 pb for WH and ~ 0.1 pb for ZH production of a 
120 GeV Higgs boson. 

Using Run-I data, CDF has searched for WH and ZH 
in different channels, including Z decaying to dileptons, W 
decaying to leptons and hadrons and the Higgs decaying 
to bb. The results from combining these channels for a 
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130 GeV Higgs mass gives 

a(pp VH) * Br(H bb) < 7.4 pb at 95%CL (3) 

A few years ago, a Tevatron Higgs Working Group's study 
evaluated the Higgs discovery potential for the Tevatron 
Run-II [33]. This was a joint effort of theorists and ex- 
perimentalists from both, the CDF and D0 experiment. 
The study was based on a parameterized detector simula- 
tion. The main conclusions were that in order to maximize 
the Higgs discovery potential at the Tevatron, one must 
combine data from both experiments, CDF and D0; must 
combine all channels, and must improve the understand- 
ing of signal and background processes as well as improve 
the detector performance. About 2 fb _1 of data per exper- 
iment were expected to be required for a 95% CL exclusion 
of a 115 GeV mass Higgs boson, while a 3a observation 
was expected to be possible with 5 — 6 fb _1 and a 5<r 
discovery with 15 fb _1 per experiment. The Tevatron ex- 
periments were at the time of this study (1999) expected 
each to collect 2 fb _1 in Run-IIA and 15 fb _1 in Run-IIB, 
i.e. by 2006, so that a discovery would have been possible 
for a ~ 115 GeV mass Higgs boson and in the absence of 
a Higgs boson an exclusion potential of up to ~ 180 GeV 
was estimated. 

In the meantime CDF and D0 reviewed and repeated 
the Higgs sensitivity study [32], taking the projections of 
the already achieved Run-II performance of the largely 
and successfully upgraded detectors and the improved un- 
derstanding of the dominant background sources from data 
measurements into account. Particular emphasize was gi- 
ven to the calorimeter resolutions on jet-Er and di-jet 
mass resolutions as well as the tracking impact parame- 
ter resolution, one of the crucial detector parameters for 
the 6-tagging algorithms. The expectations of the initial 
study [33] are all essentially met, while the analyses tech- 
niques and background estimates could be significantly 
improved. The studies were split up such that CDF re- 
viewed the WH — > Ivbb channel while D0 reviewed the 
ZH — > vvbb channel. Assuming comparable performance 
by CDF and D0 the results were then combined. In the 
following, the ZH — > vvbb analysis is review in more for 
detail as an example. 

This new Higgs sensitivity study was done in two stages: 
In the first stage the analyses assumptions were left un- 
changed with respect to the previous study in [33] while 
the analysis was improved in a number of aspects. In par- 
ticular: 

— The QCD background level was conservatively esti- 
mated to be equal to the level of the remaining back- 
ground sources, i.e. 50% of the total background was 
assumed to originate from QCD processes. 

— The trigger efficiency was assumed to be 100%. 

— The 6-tagging efficiency was assumed to be 35% for 
events with one tight and one loose tag, and 32% for 
events with two tight tags. 

— In contrast to [33], where the detector performance 
was estimated using fast par ametrisat ions, here it was 
simulated using the full GEANT detector description. 



— The analysis was based on a real artificial neural net- 
work, while previously it was cut-based. 

— The Monte Carlo event samples in the new study were 
obtained by mixing the hard collision events with five 
additional minimum bias events overlayed while previ- 
ously only hard scattering events were considered. 

The number of events selected per jb~ x in the ZH — > 
vvbb analysis for a Higgs of mass 115 GeV is summarized 
in Table 5. It can clearly be seen that the main change 
comes from the large reduction in the Zbb and Wbb events, 
exploiting the separation power of the neural network, re- 
sulting in a significant reduction of the total expected 
background. This translates into a significance increase, 
estimated in S/y/B, from 0.78 to 1.12, where the Higgs 
signal mostly originates from the HZ production but also 
HW significantly contributes to the HZ — > bbvv analysis. 
In other words the integrated luminosity, required for a 
particular significance, has been reduced by ~ 50%. 

In a second stage new cross section estimates, either 
from improved theory calculations or from measurements 
using Tevatron data (here upper limits on the cross sec- 
tions for the Wbb and Zbb process) and an improved de- 
scription of the analyses was applied. In particular: 

— Estimates of realistic trigger efficiencies were applied. 

— The QCD background contribution was estimated from 
data. 

— The 6-tagging efficiency was assumed to be 35% for 
events with one tight and one loose tag, and 32% for 
events with two tight tags. 

From the summary in Table 5 it can be seen that the 
largest improvement comes from the reduction in QCD 
background, which is to a large extent instrumental back- 
ground and best estimated from the data itself. This more 
realistic study results in a significance increase from 0.78 
to 0.92, which translates into the integrated luminosity, 
required for a particular significance, still being reduced 
by ~ 28%. Given those numbers it should be noticed that: 

— At present the double 6-tagging efficiency for Run-IIA 
data has been found to be 19% compared to the 32% 
expected from the upgrade to the Run-IIB silicon ver- 
tex detectors, which is assumed for this as well as the 
previous study. If the vertex detectors were not up- 
graded, more luminosity would be needed 3 

— More sophisticated statistical combination techniques 
as used in the LEP-Higgs search (CL S method), using 
mass distributions rather than simple event counting 
as used here, are expected to reduce the required lu- 
minosity for a given sensitivity by ~ 20%. 

— More sophisticated analysis techniques are being devel- 
oped, which are expected to reduce the required data 
statistics for a given sensitivity even further. See the 
latest Run-I top mass reanalysis for example [34]. 

3 In September 2003 it was decided by the Fermilab Di- 
rectorate to cancel the Run-IIB silicon vertex upgrade pro- 
grammes. Consequently the required luminosity for a given 
Higgs sensitivity is larger and needs to be re-evaluated. 
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Table 5. Expected number of events per fb~ x data in the ZH — > vvhb analysis as estimated at the SUSY/Higgs Workshop in 
1999 (SHW 1999), as estimated using the new neural network analysis, but identical cross sections (ANN'03) and as estimated 
using that new analysis with the latest cross section calculations or estimates from data (Analysis'03). 



Process 


| SHW 1999 


ANN'03 


Ratio 


Analysis'03 


Ratio 


Comment 


HZ(115 GeV) 


3.15 


3.82 


1.22 


2.86 


0.91 




HW (115 GeV) 


2.39 


2.78 


1.16 


2.08 


0.87 




Zbb 


4.34 


1.73 


0.4 


1.99 


0.46 


estimated from CDF data 


Wbb 


9.45 


3.59 


0.38 


4.34 


0.46 


estimated from CDF data 


ZZ 


1.82 


2.36 


1.3 


2.93 


1.61 


PYTHIA 6.125 + K-factor=1.34 


WZ 


1.45 


1.79 


1.45 


1.84 


1.27 


PYTHIA 6.125 + K-factor=1.34 


tt 


3 


6.53 


2.18 


5.48 


1.83 


average of NLO calculations 


qtb 


0.31 


0.8 


2.62 


0.68 


2.22 


NLO calculation 


tb 


4.7 


0.49 


0.1 


0.35 


0.08 


NLO calculation 


QCD 


25.06 


17.3 


0.69 


11.16 


0.45 


from this study 


total background 


50.11 


34.59 




28.77 






significance (S/y/B) 


0.78 


1.12 




0.92 







— This analysis is still not optimized. Reviewing the H — > 
WW channels is expected to improve the sensitivity in 
a similar manner for Higgs boson masses at or above 
130 GeV. 

Figure 17 shows the result of the new Higgs sensitivity 
study, combining the CDF and D0 results on the WH — > 
Ivbb and ZH — > uubb channels, respectively, and assum- 
ing equivalent improvements in the ZH — > llbb channel. 
At this stage the combination was done using the CL S 
method. The largely (~ 28%) reduced integrated luminos- 
ity required for the 95% CL exclusion, the 3<r observation, 
or the 5cr discovery for a given Higgs boson mass is shown 
as a function of the Higgs boson mass. Since the analyses 
concentrated on the decay H — > 66, improvements with re- 
spect to [33] are seen in the Higgs boson mass range up to 
~ 130 GeV. Similar potential for improvement at higher 
masses is expected from a review of the H — > WW decay 
mode channels. Since this study did not include extensive 
systematic studies the wide error band, known from the 
previous study, is not shown. 




Fig. 17. Integrated luminosity required per experiment, to 
either exclude a SM Higgs boson at 95% CL or to discover it 
at the 3 a or the 5 a level at the Tevatron. 

Along with this reviewed Higgs sensitivity study by 
the CDF and D0 collaborations, also the Tevatron lumi- 
nosity performance and projections have been reviewed. 



Table 6. Latest projections on integrated luminosity in fb~ x 
for the Tevatron Run-II in the conservative baseline and in the 
design scenario. 



year 


baseline 


design 


2003 


0.28 


0.3 


2004 


0.59 


0.68 


2005 


0.98 


1.36 


2006 


1.48 


2.24 


2007 


2.11 


3.78 


2008 


3.25 


6.15 


2009 


4.41 


8.57 



Based on the observed Tevatron collider performance com- 
pared to the initial luminosity plans, new projections for 
the integrated luminosity in Run-II have been worked out 
in a conservative 'baseline' and in the 'design' scenario. 
These numbers include a shutdown in 2005/2006 for in- 
stallation of new machine components and optimization 
and are summarized in Table 6. Depending on the future 
development of the Tevatron the collider experiments are 
expected to receive a delivered integrated luminosity be- 
tween 4.4 fb _1 and 8.6 fb _1 . These projections in lumino- 
sity compensate the improved analysis sensitivity so that 
overall the Higgs mass region to which the Tevatron exper- 
iments are sensitive for exclusion, observation or discovery 
is somewhat reduced compared to the initial estimate [33] . 

With the presently available data set the Tevatron ex- 
periments have no sensitivity to the Standard Model Higgs 
boson. Nevertheless, searches for the Higgs boson in the 
HZ and HW channels are being performed and studied, 
in particular in the H — > WW channel. A detailed de- 
scription of the present status is given in [35] . 

7.3 Higgs Boson Searches at the LHC 

The search for the Standard Model Higgs boson is one of 
the primary tasks of the experiments at the Large Hadron 
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Collider (LHC). It has been established in many studies 
[36] that a Standard Model Higgs boson can be discovered 
with high significance over the full mass range of interest, 
from the lower limit of 114.4 GeV set by the LEP experi- 
ments [31] up to about 1 TeV. 

At the LHC, the production cross-section for a Stan- 
dard Model Higgs boson is dominated by gluon-gluon fu- 
sion. The second largest cross-section comes from the fu- 
sion of vector bosons radiated from initial-state quarks. 
The relative contributions of the two processes depend 
on the Higgs boson mass. For m# < 2m z, vector bo- 
son fusion amounts to about 20% of the total production 
cross-section and becomes more important with increasing 
mass. However, for this production mode, additional event 
characteristics can be exploited to suppress the large back- 
grounds. The Higgs boson is accompanied by two jets in 
the forward regions of the detector, originating from the 
initial quarks that emit the vector bosons. In addition, 
central jet activity is suppressed due to a lack of colour 
exchange between the quarks. This is in contrast to most 
background processes, where there is colour flow in the 
t-channel. Therefore jet tagging in the forward region of 
the detector together with a veto of jet activity in the 
central region are useful tools to enhance the signal-to- 
background ratio. 

The observation of the Standard Model Higgs boson 
at the LHC in the vector boson fusion channels in the in- 
termediate mass range was first discussed in [37] for the 
H — > 77 and H — > WW^ decay modes and in [38] for the 
H — > tt decay mode. In the recent past ATLAS [39] and 
CMS [40] have performed analyses for the WW^*) and tt 
decay modes using realistic detector simulations of the ex- 
pected performance of the detectors at the LHC, including 
forward jet tagging. The performance is addressed at low 
luminosity, i.e. C= 10 33 cm _2 s _1 . The discovery poten- 
tial is evaluted for an integrated luminosity up to 30 fb -1 , 
which is expected to be reached during the first few years 
of operation. 
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Fig. 18. ATLAS sensitivity for the discovery of a Stan- 
dard Model Higgs boson for integrated luminosities of 10 and 
30 fb -1 . The signal significances are plotted for individual 
channels, as well as for the combination of channels. 



In the example of the ATLAS experiment, the result- 
ing sensitivity for a discovery of the Standard Model Higgs 
boson in the mass range 110 — 190 GeV including the vec- 



tor boson fusion channels is shown in Figure 18 for inte- 
grated luminosities of 10 and 30 fb -1 . The vector boson 
fusion channels provide a large discovery potential even 
for small integrated luminosities. Combining the two vec- 
tor boson fusion channels, a Standard Model Higgs boson 
can be discovered with a significance above 5<r in the mass 
range 135 to 190 GeV assuming an integrated luminosity 
of 10 fb -1 and a systematic uncertainty of ±10% on the 
background. If the vector boson fusion channels are com- 
bined with the standard Higgs boson discovery channels 
H — > 77, H — > ZZW 4/, and UH with H bb, the 5a 
discovery range can be extended down to ~ 120 GeV. 

For an integrated luminosity of 30 fb -1 , the full mass 
range can be covered by ATLAS with a significance ex- 
ceeding 5<j. Over the full mass range several channels, 
complementary both in physics and detector aspects, will 
be available for a Higgs boson discovery. The three dif- 
ferent channels test different production mechanisms, the 
gluon-gluon fusion via the 77 channel, the vector boson 
fusion via the WW and tt channels, and the associated 
UH production in the H — » bb mode. This complementar- 
ity also provides sensitivity to non-standard Higgs models, 
such as fermiophobic models, and allows a measurement of 
the Higgs boson couplings to fermions [41]. Similar results 
have been obtained by the CMS Collaboration [40]. 

In the recent years also on the theoretical understand- 
ing of signal and background calculations for the Higgs bo- 
son searches at the LHC a lot of progress has been made, 
in particular on NLO calculations of pp/pp — > UH [42], 
NNLO calculations on the inclusive Higgs production via 
gg-fusion [43], NLO calculations on background processes 
for gg — > 77 [44], NLO calculations on bg — > bH [45] and 
WH- and Z#-production [46]. 

8 Neutral Higgs Boson searches in the MSSM 

Numerous theoretical attempts to extend the SM usu- 
ally lead to the introduction of at least one additional 
doublet of scalar fields in the Higgs sector. In the mi- 
nimal supersymmetric extension of the Standard Model 
(MSSM) this results in 5 Higgs boson mass eigenstates 
- 3 neutral (h/H/A) and 2 charged (H + and H~). In 
the CP-conserving MSSM, the three neutral Higgs bosons 
are CP eigenstates: the h and H are CP-even and the 
A boson is CP-odd since all CP-violating phases in the 
Higgs sector have been set to zero. Only the CP-even 
states couple to the Z boson at tree level. Therefore the 
main Higgs production mechanisms at LEP are the Hig- 
gsstrahlung e + e~ — > hZ and HZ, and the associated pro- 
duction e + e~ — > hA and HA. Instead of one parameter - 
the mass of the Higgs boson - the phenomenology is now 
described by two parameters with the most popular choice 
of tan (3 and the mass of the pseudoscalar neutral bosons 
Ma- At tree level the mass of the lighter CP-even Higgs 
boson is restricted to be less than the mass of the Z°. Ra- 
diative corrections, in particular from loops containing the 
top quark, allow the lightest Higgs boson mass to range 
up to approximately 135 GeV. The combined data of the 
four LEP experiments are interpreted in the framework of 



Arnulf Quadt: Searches for New Particles 



13 



the 'constrained' MSSM, where in the past three typical 
benchmark MSSM scans were considered, yielding typical 
observed (expected) mass limits of rrih > 91 (95) GeV and 
tua > 92 (95) GeV with tan/3 exclusions between 0.5-2.4 
or 0.7 - 10.5, depending on the benchmark scan. Details 
on these searches can be found in [47]. 

In the last years more MSSM benchmark scans have 
been proposed [48], inspired by Higgs Boson searches at 
the LHC. Due to the different initial states, the Higgs 
production and decay channels relevant for Higgs boson 
searches were different at LEP2 to what they are at hadron 
colliders. New benchmark scenarios for the MSSM Higgs 
boson search at hadron colliders have been suggested that 
exemplify the phenomenology of different parts of the MS- 
SM parameter space. Besides the m™ ax scenario and the 
no- mixing scenario used in the LEP2 Higgs boson searches, 
two new scenarios have been proposed. In one the main 
production channel at the LHC, gg — > h, is suppressed. In 
the other, important Higgs decay channels at the Tevatron 
and at the LHC, h — > bb and h — > r + r~, are suppressed. 
First preliminary studies in OPAL [49,50] show that the 
h — > bb suppressed region is kinematically out of reach 
at LEP2 while a significant part of the parameter space 
can be excluded. A combination of the LEP data will ad- 
dress these new MSSM benchmark scans in the near fu- 
ture, defining the reference point for future MSSM Higgs 
boson searches at the LHC. 



8.1 CP-Violating MSSM Scenarios 

In the MSSM the Higgs potential is assumed to be in- 
variant under CP transformation at tree level. However, 
it is possible to break CP symmetry in the Higgs sector 
by radiative corrections, especially by contributions from 
third generation scalar quarks [51]. Such a scenario is theo- 
retically attractive as it provides a possible solution to the 
cosmic baryon asymmetry [52], while the CP-violating ef- 
fects predicted by the SM are too small to account for 
it. 

For the first time the LEP Higgs searches have also 
been interpreted in the CP-violating MSSM scenario [49]. 
In such a scenario the three neutral Higgs bosons, Hi{i = 
1,2,3) are mixtures of the CP-even and CP-odd Higgs 
fields. Consequently, they all couple to the Z boson and 
to each other, and these couplings may be widely differ- 
ent from those of the CP-conserving scenario. In the CP- 
violating scenario the Higgsstrahlung processes e + e~ — > 
HiHj (i ^ j) may all occur, with widely varying cross 
sections. In large domains of the model parameters, the 
lightest Higgs boson Hi may escape detection, although 
it has a predicted mass that is well within the LEP range, 
since its coupling to the Z boson is too weak for detection; 
on the other hand, the other two Higgs boson masses can 
be out of reach or also may have small cross sections. As 
a result the limits on MSSM parameters advertised so far 
for the CP-conserving scenario can be invalidated. The 
decay properties of the Higgs bosons, while being quanti- 
tatively different in the two scenarios, maintain a certain 
similarity. Since Higgs bosons, in general, couple to mass, 



the largest branching ratios are those to bb and rr pairs. If 
kinematically allowed, the decays h — > AA (CP-conserving 
scenario) or H 2 — > H\H\ (CP-violating scenario) would 
occur and could even be dominant decays. 




Fig. 19. Preliminary OPAL results on exclusion areas in the 
CP-violating MSSM. The observed exclusion region is medium 
shaded (green), the expected excluded region is indicated by 
the dashed line and the theoretically inaccessible region is light 
shaded (yellow). Regions excluded by Z width constraints or 
by decay mode independent searches are dark shaded (red). 

Figure 19 shows the preliminary exclusion results of 
the Higgs search and interpretation in the CP-violating 
MSSM. In the area of heavy m# 2 the lighter H\ resem- 
bles the SM Higgs boson with very little effect from CP- 
violation (limit on rriH 1 > 112 GeV). In the region below 
rriH 2 ~ 130 GeV CP violating effects play a major role. 
Exclusion is obtained for tan/3 < 3.2 and rriH 1 < 112 GeV 
in the SM like regime. For 4 < tan/3 < 10 ZH 2 pro- 
duction is dominant. The large difference between the 
expected and observed exclusion regions in the area of 
4 < tan (3 < 10 is mainly due to a less than 2 a excess of 
events. For light rriH 1 < 50 GeV there are regions expected 
to be unexcluded, due to the dominant ZH 2 — > ZH\H\ 
production with relatively large , yielding broadened 
resolutions and therefore reduced sensitivity. 

CP-violating MSSM models will also be subject of the 
upcoming final combination of LEP data by the LEP- 
Higgs working group. 



9 Search for Charged Higgs Bosons 

Extensions to the minimal Standard Model contain more 
than one Higgs doublet. In particular, models with two 
complex Higgs doublets (2HDM) predict two charged Higgs 
bosons H ± . In 2HDM type-II the ratio of the charged 
Higgs couplings to down- and up-type fermions is given 
by the ratio of the vacuum expectation values for the two 
doublets. At born level the charged Higgs mass has to be 
larger than the VF-boson mass. But radiative corrections 
can reduce the charged Higgs mass below this threshold. 

At LEP the search for the charged Higgs boson in 
e + e~ — > H + H~ is performed in the three decay channels 
H+H~ t+v t t-v t , H+H~ cst~v t and H+H~ 
cscs, assumed to be the only possible decays. 
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LEP 189-209 GeV 




Fig. 20. Left: Preliminary LEP-combined exclusion region in 
the plane of Br^H^ — > rz/) and ra^i , using « 2.5 fb -1 . Right: 
Expected cross section for e + e~ — > H + H~ production (dotted 
line), observed cross section limit (full line) and expected cross 
section limit along with 1 and 2 a error band as a function of 
the charged Higgs mass. 



Figure 20 shows the preliminary LEP-combined results 
[53] on the exclusion region in the plane of Br(H ± — > 
tv) and m H ± and , using ^2.5 fb -1 . Also shown is the 
expected signal cross section along with the expected and 
observed cross section limit as a function of the charged 
Higgs mass for Br(H ± — » tv) = 0. The large W-back- 
ground at about 81 GeV, which also defines the lower 
mass bound can clearly be seen. At m H + « 67 GeV a 
~ 2 <j excess is observed, which comes mainly from the L3 
data. Within L3 this excess of events has been observed for 
data from all centre-of-mass energies in all years, summing 
up to a ~ 4.6 a excess in the year 2000 [53]. 



new preliminary results has been largely reduced to about 
2.4 a (see Figure 21), resolving the long-standing puzzle 
on this low-mass excess. The final combination will be 
performed by the LEP-Higgs working group in the near 
future. 

OPAL has also interpreted a measurement of the ratio 
of r-decay branching ratios to muons and electrons in the 
context of 2HDM type-II and extracted mass limits [55]. 
The ratio of branching ratios Bt(t~ — > fi~v^v T )/ 'Br(r~ — > 
e~v e v T ) = 0.9726 (1 + 4^m M /m r ) allows a measurement 
of the Michel parameter rj. A non-zero value of rj may im- 
ply the presence of scalar couplings. In the 2HDM type-II 



the relation rj 



(tan/?/ra#±) results in sen- 



sitivity of this measurement to tan/? and the charged 
Higgs mass. The OPAL measurement yields a limit of 
M H ± > 1.28 tan j3 GeV, complementing an earlier limit 
of M H ± > 1.89 tan (3 GeV, obtained from studies of b — > 
t~v t X decays. 

DELPHI has also performed a search for charged Higgs 
bosons in the context of 2HDM type-I [56] , where at tan /3 > 
1 the decay — > W* A becomes allowed or even domi- 
nant, depending on the choice of the CP-odd Higgs mass 
rriA- The decays of the W to leptons and hadrons are con- 
sidered while the A predominantly decays to bb in the 
parameter region considered. These new decay channels 
are combined together with the charged Higgs decays to 
cs and tv and yield a mass limit of m H ± > 76.6 GeV, 
independently of tan/3 for txia > 12 GeV (Figure 22). 

Further details and discussion on the status of searches 
for charged Higgs bosons can be found in [57]. 
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Fig. 21. Left: Confidence level 1 — CLb for background-only hy- 
pothesis for charged Higgs L3 data from [53] (year 2000). The 
observed values are shown as solid line, the expected value of 
0.5 as dashed line and the 1- and 2 — a band as shaded regions. 
An excess of about 4.6 a is observed at m H ± ~ 67 GeV. Right: 
Confidence level 1 — CLb for background-only hypothesis for 
latest charged Higgs L3 data from [54]. The excess has been 
reduced to about 2.4 a. 
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Fig. 22. Typical observed and expected exclusion regions from 
preliminary DELPHI results in the 2HDM type-I. 



10 Fermiophobic Higgs Searches 



Figure 21 shows the confidence level 1 — CL^ for the 
background-only hypothesis as a function of the charged 
Higgs mass for the L3 data. The large excess of events, 
resulting in a strong dip of the confidence level at ra#± ~ 
67 GeV can be clearly seen. 

In the meantime L3 has reanalysed their data using 
the latest detector calibration and using the hadronic W- 
mass for cross checks [54]. In doing so the excess in the 



In 2HDM's without explicit CP-violation the couplings of 
the Higgs doublets to fermions could be realized in differ- 
ent ways, one possibility is that only one of the doublets 
couples to fermions. The coupling of the lightest CP-even 
boson to a fermion pair is then proportional to cos a. If 
a = 7r/2 this coupling vanishes and h° becomes a fermio- 
phobic Higgs: it will decay to pairs of other Higgs bosons 
or massive gauge bosons when kinematically allowed, or 
to two photons in a large region of the parameter space. 
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The LEP collaborations have searched for fermiopho- 
bic Higgs bosons in the h — > 77 and h — > WW chan- 
nels in the Higgsstrahlung production e + e~ — > Zif [58]. 
Lower mass bounds of rrih > 109.7 GeV (observed) and 
rrth > 109.4 GeV (expected) have been obtained. Corre- 
sponding searches at the Tevatron using Run-I or Run-II 
data presently have a sensitivity of up to ~ 80 GeV [59]. 




Fig. 23. Left: The shaded areas correspond to the regions 
excluded for all values of S. The plot is devided in regions 
according to the dominant decay modes of h and A; right: 
Constraints on doubly-charged Higgses in the plane of Yukawa 
coupling and doubly- charged Higgs mass. 



DELPHI has also searched for e+e~ — > hA with subse- 
quent decays to h — > 77 and A — > bb or A — > ftZ [60] . Also 
results for ft, — > and for long-lived A are considered. 
In general 2HDM, the main mechanisms for the produc- 
tion of neutral Higgs bosons at LEP are e + e~ — > hZ and 
e + e~ — > ft A, both proceeding via Z exchange. The two 
processes have complementary cross sections proportional 
to sin 2 5 and cos 2 5, respectively, where S = (3 — a. 

The combination of the results on hZ and hA pro- 
duction is shown in Figure 23. The upper limits on sin 2 S 
for a given Mh and the upper limits on cos 2 S for a given 
(Mh, Ma) pair are combined to exclude the (Mh, Ma) pair 
for all S values, ft masses up to « 100 GeV can be excluded 
while the sensitivity in Ma reaches up to « 160 GeV. 

Further discussionss on fermiophobic Higgs searches 
can be found in [61]. 



11 Search for Doubly Charged Higgs Bosons 

Some theories beyond the Standard Model predict the ex- 
istence of doubly-charged Higgs bosons, if ±=b with m H ±± 
^100 GeV, including in particular Left-Right symmetric 
models and Higgs triplet models. It has been particularly 
emphasized that heavy right-handed neutrinos together 
with the see-saw mechanism to obtain light neutrinos can 
lead to a doubly-charged Higgs boson with a mass ac- 
cessible to current and future colliders. Doubly-charged 
Higgs bosons would decay into like-signed lepton or vec- 
tor boson pairs, or with a negligible branching fraction to 
a VU-boson and a singly-charged Higgs boson. For masses 
less than twice the VU-boson mass, they would decay pre- 
dominantly into like-signed leptons. 



Limits on the Yukawa couplings exist from muonium 
conversion experiments (/i + e~ — > /i~e + ) ^heeh^ < 7.6 • 
10 -3 GeV -1 Mh and from avoiding large contributions to 
(g-2)^ ft M/i < 5.0 • 10- 3 GeV^Mn. 



Table 7. Summary of the HERA searches for high mass multi- 
electron events. 



experim. 


selection 


Data 


SM expect. 


HI 


2 e with M > 100 GeV 


3 


0.30 ±0.05 


HI 


3 e with M > 100 GeV 


3 


0.23 ± 0.04 


ZEUS 


2 e with M > 100 GeV 


2 


0.77 ±0.08 


ZEUS 


3 e with M > 100 GeV 





0.34 ±0.09 



In HI a search for high mass multi-electron events has 
yielded an excess of events at high masses [62], as sum- 
marized in Table 7. This observation was initially inter- 
preted as a possible indication for single production of a 
doubly-charged Higgs. However, in a refined analysis, op- 
timized for doubly-charged Higgs production, one candi- 
date event was selected with an expected SM background 
of 0.34 events. Also no excess was observed by ZEUS in 
the multi-electron channel and no excess was found by HI 
or ZEUS in the multi-muon channel. Therefore it is consi- 
dered to be unlikely that the HI high-mass multi-electron 
events originate from doubly-charged Higgs production. 

Figure 23 summarizes the constraints on doubly- 
charged Higgs bosons in the plane of Yukawa coupling and 
doubly-charged Higgs mass. The pair production searches 
at LEP managed to exclude doubly-charged Higgs bosons 
up to the kinematic limits of ~ [63]. The single 

production limits of doubly-charged Higgses from HI is 
shown to depend on the Yukawa coupling and is at masses 
around 100 — 140 GeV slightly stronger than the Bhabha 
scattering limits from SLAC and PETRA [64]. Between 
100 — 120 GeV the effect of the candiate events can be 
seen. OPAL's analysis on single production of doubly- 
charged Higgs [65] sets strong limits on the Yukawa cou- 
pling for masses between 100 and ~ 160 GeV which are 
already equivalent to the expected sensitivity from 1 fb _1 
of HERA-II running. Analysis on Bhabha scattering by 
OPAL and L3 [66] provides relatively strong limits on the 
Yukawa coupling up to very high masses. 

With analyses based on 91-107 pb" 1 CDF and D0 are 
already now able to exclude doubly-charged Higgs bosons 
with masses up to ~ 116 GeV [67]. With the expected lu- 
minosity of ~ 2 fb _1 per experiment in Run-II A the Teva- 
tron exclusion limit, which is independent of the Yukawa 
coupling due to the pair production mechanism, is ex- 
pected to increase up to 150 — 200 GeV, covering the entire 
plane shown in Figure 23. 



12 Conclusion 

The Standard Model is in various aspects incomplete, giv- 
ing us strong indications that physics beyond the Standard 
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Model is to be expected. However, we are presently grop- 
ing in the dark on where and how we will find it. Funda- 
mental questions on the origin and role of the electroweak, 
the TeV and the Planck scale remain unanswered. Simi- 
larly the origin of the observed particle structure in the 
lepton and quark sector persists to be a puzzle. 

We have a wealth of data in hand, allowing for model- 
independent searches, searches within numerous models, 
measurements of rare decays, precision electroweak mea- 
surements, and we expect increasing sensitivity from the 
Tevatron Run-II, HERA-II and eventually from the LHC. 
So far no significant deviation from the Standard Model 
expectation has been observed. Nevertheless the strongest 
indication for new or so far unobserved physics at or from 
the TeV scale comes from the Higgs sector and electroweak 
symmetry breaking, where a light Higgs boson appears to 
be favoured by the presently available dataset. The search 
goes on at HERA, the Tevatron, and in the future at the 
LHC or even a linear collider. 
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